STUDY QUESTION: Is keratin 8/18 (K8/K18) expression linked to cell death/survival events in the human granulosa cell lineage?
Introduction
Ovarian granulosa cells display one of the most complex life stories among somatic cells in the human body. During fetal life, granulosa cell precursors invade the ovigerous cords and diplotene-arrested oocytes become encapsulated by a layer of flattened granulosa cells to form primordial follicles (Hummitzsch et al., 2015) . From that time onwards, the fates of the oocyte and the surrounding granulosa cells become intimately linked throughout reproductive life. Primordial follicles constitute the ovarian reserve and, at any time, each individual follicle can be eliminated by follicle attrition, recruited into the pool of growing follicles, or remain dormant for more than 50 years (Gougeon, 1996; McGee and Hsueh, 2000) . In those follicles that initiate growth, granulosa cells undergo a series of structural (transforming into cuboidal cells), numerical (displaying a high proliferative activity) and functional (e.g. expression of gonadotropin receptors and acquisition of steroidogenic capacity) changes during folliculogenesis (McGee and Hsueh, 2000) . Follicles selected to reach ovulation undergo an additional series of changes, first acquiring ovulatory competence and differentiating, after ovulation, into epithelioid (progesterone-secreting) granulosalutein cells. The corpus luteum is a transitory endocrine gland and after 14-16 days stops progesterone secretion and enters into a regressive phase, being finally eliminated in the following menstrual cycles. However, the inter-dependence of the oocyte and granulosa cell fates persists even after ovulation. If pregnancy occurs, hCG released by the trophoblast promotes terminal differentiation and survival of granulosa-luteal cells and maintains the function of the corpus luteum during the first trimester of pregnancy. Most granulosa cells, however, do not complete their potential developmental program, as >99% of primordial follicles (and hence of granulosa cells) undergo programmed cell death at different stages of folliculogenesis (McGee and Hsueh, 2000; Gougeon, 2004) . In addition to the massive follicle loss before birth, only a minimal fraction of the pool of resting follicles in adult life (~400 out of 300 000-400 000 present at puberty) will progress up to ovulation, and only a few oocytes will be fertilized allowing terminal differentiation of granulosa-luteal cells during pregnancy (McGee and Hsueh, 2000; Vaskivuo et al., 2001; Gougeon, 2004) .
Several critical decision points between cell survival and cell death occurs at several stages of follicle and corpus luteum lifespan. Although many endocrine and paracrine factors have been shown to be involved in follicular atresia (McGee and Hsueh, 2000) , the mechanisms controlling cell death in the human ovary are not fully understood. Notably, almost any event in follicle development relies on the existence of a complex crosstalk between the oocyte and the surrounding granulosa cells (McLaughlin and McIver, 2009; Hsueh et al., 2015) . Several factors, such as the growth differentiation factor 9/bone morphogenetic protein 15 (GDF9/BMP-15) released by the oocyte and the kit ligand (KL) released by granulosa cells, are critical for the interactions between oocytes and granulosa cells (Saatcioglu et al., 2016) . In this context, follicular growth and atresia seems to be regulated, at least in part, by survival and death of granulosa cells (Matsuda et al., 2012) . In adult life, apoptosis of granulosa cells in antral follicles seems to initiate follicle atresia (Matsuda et al., 2012) . Understanding the mechanisms controlling granulosa cell death and survival would provide essential information about the fate of oocytes.
Keratins (K) are intermediate filament proteins characteristic of epithelial cells. The keratins K8 and K18 are co-expressed and form heterodimers (K8/K18) that constitute the major intermediate filament proteins in simple-type epithelium (Moll et al., 2008) . Previous studies have reported the expression of K8/K18 in the ovary of several mammals (Nilsson et al., 1995; Pan and Auersperg, 1998; Loffler et al., 2000; Townson et al., 2010) , with apparent inter-species differences. In the bovine ovary, K8/K18 is expressed in secondary and some antral follicles, as well as in~35% of steroidogenic cells in young corpora lutea, but not in non-growing follicles (Townson et al. 2010) . In the human ovary, both K8/K18-positive and negative granulosa cells have been observed in non-growing follicles, while K8/K18 positive cells were absent in growing (secondary and antral) follicles, and keratin expression was detected in~50% of luteal cells in developing corpora lutea (Loffler et al. 2000) . Compelling evidence indicates that beyond their well-known structural and mechanical functions, keratins play additional essential roles modulating cellular growth, differentiation, apoptosis and motility in several non-ovarian tissues (Gilbert et al., 2004; Ku et al., 2010; Pan et al., 2013; Lahdeniemi et al., 2017) . Studies on bovine corpus luteum have reported that K8/K18 expression in granulosa and luteal cells is inversely related to apoptosis (Townson et al. 2010) . Furthermore, molecular manipulation of K8/ K18 intermediate filaments in the granulosa-like tumor KGN cell line caused resistance to FAS-mediated apoptosis (Trisdale et al., 2016) .
Despite the above, suggesting but fragmentary information, a holistic view of the patterns of K8/K18 expression during the life story of the human granulosa cell lineage, in relation to relevant developmental events in this essential cell type, is totally missing. The aim of this study was to analyze the expression of K8/K18 throughout the human granulosa cell lifespan, from flattened granulosa cells in resting follicles to full developed granulosa-luteal cell in the corpus luteum of pregnancy, and the possible association between changes in K8/K18 expression and key cell death/survival events in this cell type.
Materials and Methods

Ovarian tissues
Ovarian samples were obtained from pre-menopausal women (aged 17-49 years), free of ovarian disease, who had undergone unilateral oophorectomy, mainly due to uterus/cervix-related pathology, or ovarian wedge resections to discard ovarian pathology. None of the women were receiving hormonal therapy. The samples were collected between 1980 and 2000 in keeping with contemporary legislation and standard clinical practices (including informed consent), and have been used in previous studies (Gaytan et al., 2005 (Gaytan et al., , 2015 Delgado-Rosas et al., 2009; Gomez et al., 2011) , after consent from responsible members of the Department of Pathology. A total of 40 ovarian samples were used in this study. Five ovaries from pregnant women (in the first trimester of pregnancy) corresponded to hemi-oophorectomized women (aged 39-49 years) due to ectopic pregnancies. In three cases, the regressing corpus luteum of the previous cycle was located in the same ovary than the corpus luteum of pregnancy. All samples were fixed in buffered 4% formaldehyde and routinely embedded in paraffin wax.
Immunohistochemistry
Immunohistochemistry was performed on 5 μm-thick sections, by the immunoperoxidase technique. Briefly, sections were de-waxed and endogenous peroxidase activity was blocked by incubation in 2% hydrogen peroxide in methanol for 30 min. The sections were later rehydrated, and submitted to antigen retrieval by incubation with pepsin (DIGEST-ALL TM −3, Invitrogen, Scotland, UK) for 20 min at 37°C. Afterwards, sections were rinsed with phosphate buffered saline (PBS), blocked with normal rabbit serum and incubated overnight with a mouse monoclonal anti-K8/ K18 antibody (B22.1 & B23.1, Cell Marque, Sigma-Aldrich, Rocklin, CA, USA) diluted 1:200. Tissue-bound antibodies were revealed by the ABC method (Vectastain Elite AbMo, Vector Labs, Burlingame, CA, USA), following the manufacturer's instructions. Finally, tissue-bound peroxidase was visualized by incubation in 0.03% diaminobenzidine-tetrahydrochloride (Type IV, Sigma, St. Louis, MO, USA) and 0.01% hydrogen peroxide in 0.1 M Tris-buffer (pH 7.6). Immunostained sections were counterstained with hematoxylin. Intra-ovarian positive control tissues corresponded to the ovarian surface epithelium and rete ovarii, whereas negative tissues corresponded to the ovarian stroma. Negative control sections were run in parallel by omitting the anti-keratin antibody. For qualitative analyses, a total of 40 secondary, 50 early/mid-antral and five large/preovulatory follicles, as well as 30 corpora lutea (CL), with five CL being evaluated at each stage (namely, early, mid and late luteal, early and late regressing, and of pregnancy), were scored.
Quantitative studies
The 
Statistical analysis
Multiple comparisons among means were performed by ANOVA followed by Tukey's test. Linear regression analysis was conducted using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA) for correlation between the percentage of primordial follicle types and age. Two-way chi-square (χ
2
) test was used to analyze changes in the proportion of P0(+/−) follicle subtypes with age. Significance was considered at the 0.05 levels.
Results
Besides the clear signal detected in follicles and corpora lutea (described below), intense K8/K18 immunostaining was present in positive control tissues in the ovary, such as the ovarian surface epithelium and the rete ovarii. In contrast, the stroma of the ovary was negative.
K8/K18 expression in resting and early growing follicles Fig. 1B and D) . To rule out that the absence of immunostaining in P0(−) follicles was due to defective immunohistochemical reaction in some tissue areas, the presence of immunostained positive control tissue (i.e. overlying ovarian surface epithelium) was always checked (Suppl. Fig S1A) . In contrast to primordial follicles, the granulosa cells in transitional follicles were practically always K8/K18 positive (Fig. 1E) , as only~0.5% (4 out of 750 scored) were clearly negative, and mixed follicles were not observed either. Similarly, cuboidal granulosa cells in primary follicles were always positive (Fig. 1F) , with the only exception of one early primary negative follicle (Suppl. Fig. S1B ), representing <1% (1 out of 140) of scored primary follicles. Almost all the primordial and primary follicles scored corresponded to healthy follicles. Secondary follicles also showed intensely positive granulosa cells ( Fig. 1G and H) , but immunostaining became fainter with increasing size, and multilayered secondary follicles (i.e. with ≥5 granulosa cell layers) displayed weak keratin immunostaining (Fig. 1I) , although clear-cut positive or negative cells could not be clearly appreciated. Signs of atresia were rarely observed rarely observed in large secondary follicles and most of them appeared morphologically healthy.
K8/K18 expression in antral follicles
Although some degree of immunostaining was present in all antral follicles, early and mid-antral follicles showed the faintest immunostaining ( Fig. 2A and B) , which was sometimes limited to the basal granulosa cell layers (Fig. 2C) , irrespective of whether they were atretic or not. However, granulosa cells in some healthy large antral follicles (≥6 mm of diameter) and preovulatory follicles showed more intense immunostaining ( Fig. 2D and E) . In advanced atretic follicles, the remaining granulosa cells lining the central cavity were also intensely positive (Fig. 2G ). Theca cells were always negative.
K8/K18 expression in corpora lutea (including corpus luteum of pregnancy)
Just newly formed corpora lutea (on the day of ovulation) showed mostly K8/K18 positive, non-fully luteinized granulosa cells (Fig. 3A) . From that time onwards, all granulosa-luteal cells in early, mid and late corpora lutea of the menstrual cycle were K8/K18 positive, although they were somewhat heterogeneous with respect to the intensity of immunostaining ( Fig. 3B and C) . Negatively immunostained areas corresponded to luteal stromal tissue. Theca-lutein areas were also negative. In late corpora lutea, immunostaining appeared even more intense, likely due to luteal cell shrinkage (Fig. 3C) . Regressing corpora lutea showed, during the next cycle, a progressive loss of K8/K18 immunostaining from early regressing (during early follicular phase, Fig. 3D ) to late regressing (during the late follicular phase, Fig. 3E ) showing large negative areas, and complete loss of keratin expression in late regressing corpora lutea during the luteal phase of the cycle (Fig. 3F) . In contrast, K8/K18 expression was maintained in fully luteinized granulosa-luteal cells in the corpus luteum of pregnancy (Fig. 3G) . Interestingly, granulosa-luteal cells in the regressing corpora lutea of the previous cycle, that was located in the same ovary in three cases, showed intense K8/K18 immunostaining ( Fig. 3H and Suppl. Fig. S2 ). Granulosa-luteal cells in these rescued regressing corpora lutea were smaller than that of the corpus luteum of pregnancy and did not show the characteristic hyaline bodies present in the corpus luteum of pregnancy (Fig. 3I and J and Suppl. Figure 3 K8/K18 expression in the different types of corpus luteum. Intense K8/K18 immunostaining was present in early (eCL), mid (mCL) and late (lCL) corpora lutea of menstruation (A-C), whereas K8/K18 immunostaining progressively decreased in early (eRCL) and late (lRCL) regressing corpora lutea (D-F), where most granulosa-luteal cells (GLC) were negative during the late follicular phase, with only small positive areas (arrows in E). K8/K18 immunostaining was absent at the luteal phase (F). The expression of K8/K18 was maintained in the corpus luteum of pregnancy (CLP in panel G), and recovered in the rescued regressing corpus luteum (RCL) of the previous cycle (H). Granulosa cells in the CLP (I) were larger, containing abundant lipid droplets and hyaline bodies (arrow), whereas granulosa-lutein cells in rescued RCL (J) were smaller and did not show hyaline bodies. Hematoxylin counterstaining.
were plotted against age, a positive correlation was found for P0(+) follicles (R 2 = 0.7883, N = 18; P < 0.001), while negative correlations were found for P0(+/−) (R 2 = 0.6853, N = 18; P < 0.001) and P0(−) (R 2 = 0.6725, N = 18; P < 0.001) follicles (Fig. 4B) . Furthermore, an age-related shift towards higher number of keratin-positive granulosa cells in P0(+/−) follicles was found (χ 2 = 19.07, P < 0.05; Fig. 4C ).
Discussion
This study provides a holistic view of the changes in the profile of K8/ K18 expression along the major stages of differentiation of the human granulosa cell lineage, from flattened granulosa cells in primordial follicles to terminal, fully differentiated cells, giving rise to granulosa-lutein cells in the corpus luteum of pregnancy. A clear association between changes in K8/K18 expression and cell death/survival checkpoints was found; a schematic drawing of this phenomenon is depicted in Fig. 5 . Notably, low levels or absence of keratin expression was detected at granulosa cell lineage stages that are particularly prone to undergo programmed cell death. Accordingly, granulosa cells in (i) some primordial follicles (frequently deleted by follicle attrition), (ii) growing follicles during the transition from secondary to antral, (iii) early and mid-antral follicles (that undergo massive follicular atresia) and (iv) granulosa-luteal cells in regressing corpora lutea (fated to undergo final demise in ongoing several cycles) displayed faint or absent K8/K18 expression. In contrast, granulosa cells in early growing follicles or in selected large antral/preovulatory follicles, as well as granulosa-luteal cells in functional menstrual corpora lutea and in lifeextended corpora lutea of pregnancy (in which cell death is not prominent) showed high K8/K18 expression. These data extend the previously reported inverse association between the percentage of keratin-positive cells and age in the bovine antral follicles and corpus luteum (Townson et al. 2010) , and are partially congruent with the reported transient disappearance of keratin expression in large secondary and in early and mid-antral follicles in the human ovary (Loffler et al. 2000) . Furthermore, our results are in line with the well-established roles of keratins in the regulation of apoptosis in non-gonadal epithelial tissues (Gilbert et al., 2004; Ku et al., 2010; Pan et al., 2013; Lahdeniemi et al., 2017) . Programmed cell death plays a prominent role in the ovary either during development or in adulthood. Deletion of the great majority of growing follicles and demise of non-functional corpora lutea are central for the maintenance of ovarian cyclicity and tissue homeostasis (Gougeon, 1996; McGee and Hsueh, 2000; Pru and Tilly, 2001 ). Hence, unraveling of the mechanisms controlling ovarian cell death is central for a better understanding of ovarian dynamics. Compelling evidence indicates that, beyond structural and mechanical functions, keratins are involved in the regulation of cell death/survival in several non-gonadal tissues (Omary et al., 2009; Ku et al., 2010; Pan et al., 2013) . For instance, K8 and K18 provide resistance to FAS-mediated apoptosis by modulating FAS targeting to the cell surface (Gilbert et al., 2001) or by sequestering pro-apoptotic signals and deathpromoting effector molecules (Caulin et al., 2000) . Furthermore, decreased expression of K8 and K18 by transfecting granulosa-like KGN cells with siRNA to KRT8 and KRT18 genes enhances FAS expression and FAS-induced apoptosis (Trisdale et al., 2016) . In addition, keratins may also act facilitating cell survival and differentiation. Thus, K18 glycosylation protects liver and pancreatic cells by promoting the phosphorylation and activation of cell-survival kinases, such as the serine-threonine protein kinase Akt1 (Ku et al., 2010) . In the same line, it has been recently reported that K8/K18 promotes differentiation of colonic epithelial cells through activation of the Notch signaling pathway (Lahdeniemi et al., 2017) . Notch is an ancestral signaling pathway involved in cell fate decisions, which plays essential roles in the mammalian ovary folliculogenesis (Vanorny and Mayo, 2017) . Considering the well-established roles of keratins in modulating cell death/survival in non-gonadal tissues, together with the close association between changes in K8/K18 expression and cell death/survival checkpoints described here for the human granulosa cell lineage, it is tenable that K8/K18 expression might operate as a relevant key factor in the regulation of cell death/survival events in the human ovary.
A particularly relevant observation of this study is the existence of different primordial follicle sub-populations depending on K8/K18 expression in their flattened granulosa cells, whose proportions significantly change with age. The age-dependent increase in the proportion of P0(+) follicles, mirroring the decrease in P0(+/−) and P0(−) follicles, as well as the increase in the proportion of P0(+/−) follicles showing a majority of K8/K18 positive granulosa cells, can be explained by two alternative mechanisms: (i) a slow, progressive increase in K8/K18 expression in the flattened granulosa cells of primordial follicles, preceding their morphological change into cuboidal granulosa cells, or (ii) a preferential attrition of K8/K18 defective primordial follicles. Both mechanisms are not mutually exclusive, as a progressive increase in K8/K18 expression does not preclude the existence of differences in the susceptibility of P0 follicles to follicle attrition depending on their prevailing K8/K18 expression levels. Anyway, early growing follicles seem to arise from activation of the P0 (+) follicle pool, as almost all transitional and primary follicles are keratin positive and mixed early growing follicles were not found. While it being an appealing possibility, whether a gradual increase in keratin expression in primordial follicles is a component of the extremely protracted process of progression from the resting to the growing stage cannot be ascertained from the present data.
During the last decades, the use of transgenic mouse models with selective manipulation of genes, targeted to the oocyte (mediated by Gdf9 promoter-driven Cre activity) or to granulosa cells (mediated by Foxl2 promoter-driven Cre activity), has provided a great deal of information about the signaling pathways governing primordial follicle activation and survival (Reddy et al., 2009; Pelosi et al., 2013; Zhang et al., 2014; Saatcioglu et al., 2016; Zhang and Liu, 2015) . However, the mechanisms controlling the gradual activation/demise of the pool of primordial follicles, based on the differential fate of each follicle, remain poorly understood, partially due to the lack of robust, conserved molecular markers of primordial follicle activation across species; morphological changes being still considered the earliest and most sensitive Figure 5 Proposed hypothetical model for the link between K8/K18 and cell death/survival events. A schematic drawing is presented relating the levels K8/K18 expression, ranging from high (in red) to null, and the different developmental stages of the human granulosa cell lineage. Boxed areas correspond to stages with abundant cell death. CL, corpus luteum.
markers of follicular reawakening (Saatcioglu et al., 2016) . Indeed, no reliable markers for primordial follicle activation, preceding the initiation of follicle growth, have been fully validated in humans. Foxo3 nuclear export, the end-point of the activated PTEN-PI3K-Akt pathway in oocytes (Castrillon et al., 2003) , as revealed by its immunohistochemical detection at the cytoplasm, occurs only after the primordial-to-primary follicle transition, both in the rodent (John et al., 2008; Pelosi et al., 2013; Saatcioglu et al., 2016; Liu et al., 2007) and human (McLaughlin et al., 2014) ovary. In this context, oocyte growth remains as the most sensitive and earliest marker of resting follicle awakening (Saatcioglu et al., 2016) . In the human ovary, the increase in oocyte diameter starts after the conversion from primordial to transitional/early primary follicles (Gougeon, 2004) . In our present study, virtually all the transitional and primary follicles were fully keratinpositive, therefore suggesting that keratin expression precedes follicle growth. Although transitional and early primary follicles can be considered as resting, due to the lack of oocyte growth (Gougeon, 2004) , they are likely committed to enter into the growing pool through an extremely protracted process, involving functional and morphological changes in granulosa cells. Among other factors, structural and functional heterogeneity of the resting follicle population likely underlies the differential probabilities of individual follicles to follow alternative, rather disparate pathways, which involve either remaining dormant for years, entering into the growing pool, or being eliminated by follicle attrition. Although resting follicle death is hard to assess morphologically (Gougeon, 2004) , the existence of a large amount of primordial follicles that are deleted by follicle attrition can be (indirectly) inferred by the progressive decrease of the ovarian reserve, which cannot be merely explained by the number of follicles leaving the resting stage by entering into the growing pool (Coxworth and Hawkes, 2010) . Nonetheless, understanding agerelated changes in follicle dynamics in the human ovary with respect to the relative decrease of the resting follicle pool by attrition versus activation is complex (Faddy et al., 1992; Gougeon et al., 1994; Coxworth and Hawkes, 2010) . Although the absolute number of antral follicles decreases at advanced ages, the relative number of early growing follicles does not decrease and, in fact, an increased ratio of early growing to non-growing follicles has been observed in the ovaries of the aging mouse (Gaytan et al., 2015) and human (Gougeon, 2004 ). An early study supported the view that follicle loss is mainly due to atresia in younger women, but to recruitment into the growing pool in older women (Gougeon and Chainy, 1987) . Indeed, mathematical models for the decline of the ovarian reserve predict that more than half of the absolute numbers of resting follicles established at puberty had disappeared at 25 years of age (Wallace and Kelsey, 2010) . These data agree with the age period with the higher proportion of K8/K18 (complete or partially) negative follicles, tentatively proposed as more sensitive to follicle attrition in this study. The rate of follicle attrition has significant clinical relevance as premature ovarian insufficiency, affecting at least 1-2% of women (Shelling, 2010) , seems to be due mainly to premature depletion of the ovarian reserve, likely through increased follicle attrition. The data of this study suggest that the differential expression of K8/K18 is related to their survival probabilities, and raise the question of whether keratin expression could be a previously unsuspected factor in the determination of primordial follicle fate. In this context, the possible relationship between the proportion of keratin-expressing primordial follicles and the depletion of the ovarian reserve deserves additional investigation.
Our study also discloses that during pregnancy, the expression of K8/K18 recovers in the regressing corpus luteum of the previous cycle, named here as rescued regressing corpus luteum, likely in response to hCG. While increased vascularization and growth (Bruce et al., 1984) , as well as full morphological luteinization of granulosalutein cells (Gaytan et al., 2001) , have been reported in regressing corpora lutea during pregnancy in the rat, the reversion of luteal regression in women was not so clearly established (Telleria, 2006) . However, a study measuring steroid secretion, as well as ovarian volume and vascularization by three-dimensional Doppler ultrasonography, strongly suggested that the regressing corpus luteum from the past menstrual cycle can be reactivated in women in response to hCG stimulation during the follicular phase (Jarvela et al., 2007) . This agrees with the data of our study, indicating that luteal regression can be reversed even at advanced stages (i.e. the luteal phase of the next cycle). The time-gap in corpus luteum regression evidences the plasticity of the luteal cells and reinforces the idea that K8/K18 expression is associated with survival of the granulosa cell lineage.
In summary, our data suggest that changes in K8/K18 expression are linked to key cell death/survival events in the human granulosa cell lineage, and unveil the existence of a continuum spectrum of primordial follicle sub-populations on the basis of their pattern of K8/K18 expression in granulosa cells. Although future mechanistic studies are deemed necessary, the suggested influence of keratin expression on the probabilities of undergoing follicle attrition raises the possibility that K8/K18 could be a factor contributing to the timely depletion of the ovarian reserve, whose alterations might be associated to premature ovarian insufficiency.
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